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CHAPTER  I 


INTRODUCTION 

Intermoleoular  forces I1*2)  between  uncharged  particles 
can  be  separated  into  two  types,  attractive  and  repulsive. 
Repulsive  foroes  dominate  as  the  interaction  distance  be- 
comes small  and  are  caused  by  mutual  repulsion  of  the 
electron  shells.  At  much  smaller  interaction  distances 
the  repulsion  of  the  nuolel  beoomea  Important.  Attractive 
foroes  are  usually  further  divided  into  four  olassesi 
(1)  valenoe  forces,  (2)  orientation  foroes,  (3)  Induction 
foroes,  and  (t)  dispersion  foroes.  Valenoe  foroes  result 
only  if  the  eleotronlo  configurations  of  the  interacting 
species  are  suoh  that  a chemical  bond  can  be  formed. 
Orientation  foroes  are  applicable  if  both  of  the  inter- 
acting Bpeoles  have  permanent  dipole  moments.  The  magnitude 
and  sign,  i.e.,  whether  it  la  an  attraotion  or  repulsion, 
of  the  interaction  energy  depends  on  the  relative  orienta- 
tion of  the  dipoles.  If  all  orientations  were  equally 
probable  there  would  be  no  resultant  foroe,  howeveri 
statistical  oonsIderatlonB  of  the  allowed  orientations  re- 
sult in  an  attractive  foroe.  Induction  foroes  result  when 
only  one  of  the  interacting  Bpeoles  has  a permanent  dipole 
in  the  nonpolar 


moment.  This  partlole  lnduoes  a dipole 


partlole  as  they  approach  eaoh  other  and  there  arises  an 
attractive  foroe.  Dispersion  foroes  arise  in  a different 
manner.  An  instantaneous  pioture  of  an  atom  Mould  show 
arrangements  of  the  nuolel  and  eleotrons  haring  dipole 
moments  even  though  the  time  average  of  these  moments  is 
zero.  These  temporary  dipoles  lnduoe  dipoles  in  other 
atoms  and  result  in  a net  attraction.  The  dispersion 
foroes  are  the  ones  responsible  for  the  attraotlve  foroes 
between  inert  gas  atoms. 

Our  present  knowledge  of  lntermolecular  foroes  has 
bean  obtained  largely  by  analyzing  experimental  determina- 
tions of  maorosoopio  properties  suoh  as  vlsooslty  and 
diffusion,  whloh  depend  on  these  foroes.  This  requires 
not  only  good  experimental  data  but  a well-founded  theory 
oonneotlng  the  lntermoleoular  forces  with  the  observed  bulk 
properties.  Koleoular  beam  experiments  provide  a muoh  more 
direct  method  of  studying  these  foroes.  A beam  of  uni- 
directional partioles  la  formed  by  suitable  oolllmatlon. 

The  soattering  of  suoh  a beam  can  than  be  observed  either 
by  measuring  the  intensity  of  the  beam  as  it  passes  through 
a gas  at  very  low  pressure,  or  observing  the  intensity  as  a 
funotlon  of  the  soattering  angle  using  a suitable  detecting 
devloe.  In  this  manner  the  properties  of  individual  par- 
tioles oan  be  followed  thus  eliminating  the  neoessity  of 
relating  lntermoleoular  foroeB  to  bulk  properties. 

Collisions  between  partioles  are  classified  as  elastic 


or  Inelastic  depending  upon  whether  they  survive  the 
oolllslon  with  or  without  an  exchange  of  internal  energy. 
Inelastlo  collisions  nay  Involve  a rearrangement  or  ex- 
change of  the  atoms  which  compose  the  reactant  partlolesi 
or  simply  an  exchange  of  energy  between  them.  For  each 
type  of  oolllslon  prooeas  a oolllslon  oross  seotlon  may  be 
defined  whloh  is  a measure  of  the  probability  of  ooourenoe 
of  the  process  concerned.  The  magnitude  of  these  oross 
seotlons  Is  governed  by  the  nature  of  the  foroes  exerted 
between  the  oollidlng  partloles  and  their  relative  velo- 
cities. 

KnauerO)  studied  the  oolllslon  oross  seotlons  of 
helium,  hydrogen,  oxygen,  and  water  In  their  parent  gases 
and  the  oross  seotlons  of  helium  and  hydrogen  In  meroury 
vapor  as  a funotlon  of  the  temperature,  and  therefore  the 
energy  of  the  beam  partloles.  He  evaluated  the  interaction 
potentials  between  helium  and  mercury  and  between  hydrogen 
and  meroury  from  the  variation  In  oross  seotlon  with 
energy.  The  Interactions  of  high  velooity  beams  of  helium 
atoms,  whloh  are  produced  by  neutralisation  of  Ion  beams, 
have  been  studied  quite  extensively  by  Amdur.^  The  foroes 
in  play  in  his  studies  were  almost  entirely  the  short 
range  repulsive  foroes  beoause  of  the  high  energy  of  the 
bombarding  partloles.  Nany  other  experimental  studies  of 
oolllslon  oross  seotlons  have  been  made  without  any  attempt 
to  evaluate  the  foroes  involved. 


For  a ohemioal  reaction  to  take  place,  the  reactant 


atoms  or  moleoules  must  Interact  in  an  inelaatio  collision. 
The  activation  energy  for  the  reaction  aay  be  oarried  by 
either  one  or  both  of  the  partldeB  as  internal  energy  or 
as  kinetic  energy  of  translation.  Experiments  of  this 
type  have  provided  considerable  fundamental  information 
concerning  the  nature  of  particle  collisions  and  of  the 
foroes  exerted  between  individual  partloles.  The  tech- 
niques Involved  provide  the  only  direot  means  for  obtaining 
this  knowledge  which  is  essential  for  a complete  under- 
standing of  chemical  reactions. 

This  research  oonoems  the  measurement  of  collision 
oross  sections  for  the  scattering  of  exolted  helium  atoms 
in  helium,  neon,  and  argon.  Some  of  the  helium  atoms  in 
gaseous  helium  ore  exolted  to  both  the  2*S  and  23s 
metastable  states  by  eleotron  bombardment.  An  atomio  bean 
of  the  helium  atoms  is  then  produoed  and  allowed  to  enter 
a collision  ohamber  in  which  a gas  is  introduced  at  low 
pressure  (ca.  10*4  mm).  The  soatterlng  of  the  metastable 
helium  atoms  in  the  beam  is  observed  by  measuring  the 
eleotron  current  ejected  by  the  exolted  atoms  when  they 
arrive  at  metal  deteotor  surfaces.  Both  elastic  and  ln- 
elastlo  collisions  of  tha  exolted  atoms  take  plaoe.  The 
normal  helium  atoms  in  the  beam  do  not  Interfere  since  the 
method  of  detection  is  not  sensitive  for  them. 


CHAPTER  IX 


THEORY 

Metastable  atoms  are  those  in  which  one  of  the  electrons 
has  been  exolted  to  an  upper  level  and  the  transition  back  to 
the  ground  state  by  eleotrio  dipole  radiation  Is  forbidden. 
In  general  Ruasell-Saunders  ooupling  holds  for  light  atoms 
in  which  case  the  selection  rules  for  eleotrio  dipole 
radiation  arei 

I AJ-0,  ±1  J-Oyw-O 
II  AS  - 0 

III  A1  - ±1 

where  J It  the  vector  sum  of  L and  S,  L is  the  orbital 
angular  momentum,  S is  the  spin  angular  momentum,  and  1 Is 
the  angular  momentum  of  the  eleotron  making  the  transition. 

The  2*S  state  of  helium  Is  metastable  with  respect 
to  the  11S  ground  state  because  of  rules  I and  III.  The 
23s  state  of  helium  Is  metastable  beoause  of  rules  II  and 
III.  An  energy  level  diagram  of  helium  with  the  forbidden 
transitions  depicted  is  shown  in  Pig.  1.(3)  However, 
metastable  atoms  do  have  finite  lifetimes.  The  2*S 
state  of  helium  undergoes  transitions  to  the  ground  state 
by  double  photon  emission  and  the  23s  state  deoays  probably 
by  both  double  photon  emission  and  magnetic  dipole  radiation. 


intensity 


apparatus 


would  be  negligible. 


The  discovery  that  metas table  mercury  atoms  Mould  eject 
electrons  from  a metal  surfaoe  Mas  made  by  Webb^®)  In  1924. 
Further  studies  by  Messenger, (?)  Coulllette, (10*  and 
Sonlcln(H)  showed  that  the  ejeotlon  efflolenoy  depended 
orltloally  on  the  nature  of  the  surfaoe.  A detailed  study 
of  the  ejeotlon  efflolenoy  of  aetastable  helium  atoms  on  a 
molybdenum  surfaoe  has  been  made  by  Ollphant. He  pro- 
duced the  metastable  helium  atoms  by  neutralization  of  an 
Ion  beam.  This  Mas  aooompllshed  by  alloMlng  the  ion  beam 
to  Impinge  on  a metal  surfaoe  at  a small  angle.  The  result- 
ing beam,  although  rather  111  defined,  contained  some 
metastable  atoms  and  retained  essentially  all  of  the  Iclnetlo 
energy  of  the  Ions.  Studies  Mlth  this  beam  Mlth  kinetic 
energies  of  100-2000  e.v.  showed  that  the  ejeotlon  efflolenoy 
depended  both  on  the  velocity  of  the  metastable  atom  and  the 
angle  at  which  the  aetastable  atom  strikes  the  surface.  This 
angular  dependence  has  been  explained  on  the  basis  that  the 
ejected  electron  must  pass  through  the  metal  surfaoe  but 
there  Is  some  doubt  as  to  whether  or  not  this  is  true. 
Qreen^S)  has  extended  the  measurements  of  Ollphant  and  found 
quite  similar  results  for  aetastable  neon  and  argon. 

The  ejection  efficiency  of  aetastable  helium  on  platinum 
has  been  studied  by  Dorresteln.  He  reported  values  of 
0.24  and  0.48  for  the  23s  and  2*S  states  respectively. 


Stebblngs(15>  has  obtained  a value  of  0.29  for  the  ejection 
efficiency  of  2?S  helium  atoms  on  a gold  surface. 

Quite  similar  meohanlsms  have  been  proposed  by  Hassey^1^ 
and  Cobas  and  Lamb*1?)  for  the  electron  ejection  proeeas  by 
metastable  atoms.  It  Is  proposed  that  the  metastable  atom 
simultaneously  extracts  an  eleotron  from  the  metal  surface 
Into  Its  Is  orbit  and  releases  the  eleotron  that  Is  In  the 
2s  orbit.  For  this  process  to  be  energetically  feasible  Eg. 
the  lclnetlo  energy  of  the  released  eleotron.  must  be  greater 
than  sero.  If  one  oonslders  the  conservation  of  energy  for 
the  Initial  and  final  states,  where  the  metastable  atoms  and 
the  metal  with  electrons  In  various  energy  levels  comprise 
the  Initial  state  and  the  normal  atom,  the  free  eleotron, 
and  the  metal  the  final  state,  one  obtains 

£-M-e«Eg-«-I. 

Where  M - potential  well  of  metal 

£ ■ energy  level  In  metal 
e ■ Ionization  potential  of  the  metastable 

I - excitation  energy  of  the  metastable  level 
or  Eg  - £ + I - 

Slnoe  Eg  > 0 

I > » - £ 

and  under  the  least  favorable  oondltlons 

«-£  - 4> 


where  <f>  It  the  work  funotlon  of  the  metal  surface  | there- 
fore, the  oondltlon  for  ejeotlon  becomes  I>  <f>  • ex- 

citation energies  for  the  Detestable  levels  of  hellua  are 
19,81  e.y.  for  the  23s  state  and  20,61  e»v.  for  the  21S 
stated8)  whloh  is  large  enough  so  that  the  ejeotlon  prooess 
would  be  probable  on  any  metal  surface. 

Another  mechanism  has  been  suggested  by  Beuhl(W)  and 
Lamb  and  HetherforddO)  in  which  the  energy  relations  lead 
to  the  condition  that  <f>  must  be  greater  than  e for  the 
ejeotlon  prooess  to  ooour,  Por  the  23s  state  of  helium 
« • 4.77  e.v.  and  for  2*S  state  « - 3.97  e.v.  The  work 
funotlon  for  a gold  surfaoe  Is  roughly  4.8  e.T.  leaving  less 
than  one  e.v.  for  the  klnetlo  energy  of  the  ejected  electrons. 
011phantd2)  and  oreend3)  have  studied  the  energy  distribu- 
tion of  the  eleotrons  ejected  from  a molybdenum  surfaoe  by 
metastable  helium  atoms  and  found  that  some  of  these  eleotrons 
have  energies  as  large  as  the  dlfferenoe  between  the  excita- 
tion energy  of  the  metastable  atom  and  the  work  funotlon. 

This  is  precisely  what  would  be  oxpeoted  If  the  first  prooess 
were  eorreot. 

In  general,  all  methods  of  excitation  oould  be  used  to 
exolte  atoms  or  molecules  to  metastable  levels.  Eleotron 
Impact  was  oho sen  In  this  work  primarily  because  the  elec- 
tronic excitation  orosa  section  Is  large.  The  energy  of  an 
eleotron  beam  oan  also  be  controlled  relatively  easily  thereby 


allowing  the  exoltatlon  of  Individual  metastable  1 avals  if 
more  than  one  exist  In  the  seme  atom. 


The  exoltatlon  funotlons  (the  Intensity  of  metastable 
atoms  as  a function  of  the  electron  energy)  for  aetastable 
helium  atoas  have  been  calculated  with  sone  little  success 
by  Massey  and  Mohr^21)  and  Massey  and  Moiselwltsoh. (22) 

Early  measurements  of  the  eleotronlo  exoltatlon  function  of 
23s  state  of  helium  were  made  by  Woudenberg  and  Hllats^23) 

In  which  the  aetastable  atoas  were  deteoted  by  absorption 
of  108308  light.  Light  of  this  wave  length  is  of  the 
oorreot  energy  to  exoite  23s  helium  atoms  to  the  23p  level 
thus  giving  a measure  of  their  concentration.  Maler- 
Libnltz*24)  passed  a beam  of  electrons  of  known  energy 
through  hellua  gas  and  aeasured  the  variation  In  this  elec- 
tron ourrent  as  a function  of  its  energy.  The  relative  de- 
crease In  eleotron  ourrent  with  Increasing  energy  was  said 
to  be  caused  by  inelastic  collisions  of  the  electrons  with 
the  gas  atoas  In  whloh  the  atoms  were  exalted  to  aetastable 
levels.  The  exoltatlon  function  for  both  2*S  and  23s  atatas 
of  hellua  were  determined  In  this  manner)  however,  the  resulte 
were  only  qualitative. 

Dorresteln^14)  measured  the  total  me testable  exoltatlon 
funotlon  for  hellua.  He  excited  the  atoas  by  eleotron  lapaot 
and  measured  the  electron  current  ej noted  by  the  aetastable 
atoas  when  they  Impinged  on  a platinum  surfaoe.  Schultz  and 


Io*<25>  performed  eseentlally  the  seme  experiment  using  the 
retarding  potential  method  to  obtain  an  electron  beam  with 
an  energy  spread  of  about  0.1  e.v.  An  analysis  of  the  data 
of  Sohults  and  Pox,  Kaler-Llbnitz,  and  Oorrestein  by  Frost 
and  Phelps (2®)  has  enabled  them  to  obtain  separate  excitation 
functions  for  the  21S  and  2?S  states.  These  excitation 
functions,  which  Include  the  metastable  atoms  that  result 
from  decay  of  higher  levels,  are  shown  In  Pig.  2.  The  ratio 
of  23s  to  21S  states  was  taken  from  these  graphs  to  oompsire 
with  the  composition  of  the  beam  used  In  these  experiments. 

Several  general  references  are  available  on  moleoular 
beams. (27,28,29,30)  essentially  unidirectional  beam  of 
atoms  or  moleoules  oan  be  formed  by  allowing  the  atoms  or 
aoleoules  In  the  gaseous  state  to  pass  through  two  defining 
slits  whloh  are  contained  In  an  evacuated  ohaaber.  The 
geometry  of  the  slit  system  determines  the  degree  to  whloh 
the  beam  particles  are  unldireotlonal.  A requirement*  that 
the  diameter  of  the  or-floe  be  smaller  than  the  mean  free 
path  of  the  gas  moleoules  In  the  aouroe  Is  necessary  In 
order  to  have  moleoular  effusion  rather  than  hydrodynaalo 
flow.  It  has  been  shown  that  a slit  in  whloh  the  smaller 
dimension  Is  orltloal  will  allow  an  inorease  In  Intensity 
without  disturbing  the  effusion  prooess.  A beam  thus  formed 
Is  essentially  free  of  oollleions.  However,  for  thermal 
souroes  the  beam  particles  have  a Maxwellian  distribution  of 
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Pig.  2 - Metastable  Excitation  Functions  for  Helium 
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velocities.  Those  molecules  with  high  velocities  do  over- 
take the  slower  ones  but  this  type  of  oolllelon  Is  negligible. 

In  order  to  observe  the  collision  oross  section  for  any 
prooess  one  must  be  certain  that  the  beam  particles  undergo 
single  collisions.  Thus  the  pressure  In  the  scattering 
region  must  be  low  enough  so  that  eaoh  beam  partlole  inter- 
acts with  only  one  scattering  partlole. 

If  I Is  the  beam  Intensity,  the  decrease  In  Intensity 
-dl,  as  the  beam  passes  through  a distance  In  the  scattering 
gas,  dx,  Is  dlreotly  proportional  to  the  Intensity,  the 
density  of  scattering  particles,  a measure  of  whloh  Is  the 
pressure,  p,  and  the  cross  section  for  the  prooess  under 
study,  a . Or  as  an  equatloni 

-dl  - lap  dx.  (II. 1) 

Integrating  from  the  Initial  Intensity,  I0,  at  x-0  to  the 
Intensity,  I,  at  x»l  one  obtains 

I - I0e-  OUP.  (II. 2) 

Since  the  two  metastable  states  of  helium  are  so  dose 
together,  It  was  only  possible  to  obtain  a beam  In  whloh  both 
metastable  speoles  were  present.  Eaoh  of  the  metastable 
Intensities  follow  this  equatloni 

II  - I0ie-allP  (II .3) 

and 

I3  - 1030-03^  (II. 4) 

where  the  subscripts  1 and  3 refer  to  the  2*3  and  z3s  states. 


1* 


The  total  bean  Intensity  Is  then  the  sun  of  the  Intensities 
of  the  too  states. 

As  stated  before  the  two  metastable  speeles  eject 
elaotrons  from  the  metal  surfaces  with  different  efflolenoles. 
Let  1 be  the  current  measured  corresponding  to  the  beaa 
Intensity,  then | 

io  “ XlXoi  + X3X03  <».J> 

for  the  initial  Intensities  and 

1 - %ii  + r3i3  (xx.o 

for  the  Intensities  at  any  point.  Where  V Is  the  electron 
ejection  efflolenoy  of  the  aetastable  atom,  substituting 
relations  (IX. 3)  and  (II. 4)  Into  (II. 6)1 


X-  Xiloie-ailp  + Yj  I03e-“3lP 
10  >1X01  + X3I03 

1 Tjloie-  “HP  + Tjlp^a'* a 3lP 


This  equation  does  not  allow  the  ready  evaluatlc 
a 1 or  a 3 unless  Qj  “ CI3  In  which  oasei 
lg/1  - a = a a3lP. 

Correcting  the  pressure  to  0°C.  and  solving  for 

0,1  - “3  - zyHlp  2,303  108  1<>/i 


(n.r) 

(11.8) 
of  either 
(IX. 9) 
(XI. 10) 


The  cross  seotlon  may  then  be  obtained  from  the  elope  of  a 
plot  of  log  lo/i  versus  p.  This  Is  the  total  oross  seotlon 
for  all  the  atoms  In  one  cm3  of  gas  at  1 am  pressure.  The 
oross  seotlon  In  on2  per  atom,  a , Is  equal  to  a/N  where  N 


is  the 


15 


number  of  atoms  per  om3  at  0°C.  and  1 mo  pressure, 
3-536  x lO1*. 

Taking  the  logarithm  of  equation  (II. 8)  and  making  the 
approximation  that  e_n  - 1-n  for  small  n 


In  1q/1  “ ln(  >iloi  + ^3103) 

-in  [ >iioi(i- Hiip)  + y3i03(i-a3ip)]. 

(Il.li) 

llfying 

„ vi  - -1.  r*  - *•'  Y':°‘  V;Wi 

L TiIqi  + '3I03  J 


and  making 


lp(  Ctj  Xi Iqi  * Cli 

i»  io/i yy— l-  v/'.  (11.13) 

"ixoi  + '3X03 


Dividing  the  numerator  and  denominator  of  the  right  side  of 
this  equation  by  Iqi  and  setting 


Qj  and  dj  are  constants  and  H is  constant  for  any  one 
electron  energy  so  a plot  of  In  1q/1  versus  p will  yield  a 
straight  line  with  a slope. 


(11.15) 


K a!  + a3a) 

■ 1 + B ' 

Therefore)  If  one  studies  this  slope  as  a function  of  the 
eleotron  energy  and  henoe  the  composition  of  the  bean,  one 
oan  obtain  values  of  n as  a funotlon  of  B.  Rearranging 
equation  (11.15)  one  obtains 

(1  ♦ B)n/1  - OjB  ♦ at.  (11.16) 

A plot  of  (1  + B)n/1  versus  B yields  a straight  line  with 
a slope  equal  to  a j and  an  Intercept  on  the  ordinate  equal 
to  Oj.  Correcting  for  temperature  will  give  the  desired 
oross  sections. 


CHAPTER  III 


DESCRIPTION  OP  APPARATUS 

The  four  separate  chambers  of  the  apparatus  are  shown 
In  Pig.  3.  The  atomic  beam  was  produced  bp  Introducing  gas 
Into  the  souroe  at  about  30°C  and  allowing  it  to  effuse 
through  the  first  defining  hole.  Hi,  Into  the  fore  ohamber. 
Those  atoms  travel lng  In  the  proper  dlreotlon  would  then  pass 
through  the  seoond  defining  hole  and  form  a pencil-shaped.  0.5 
beam.  This  beam  entered  the  scattering  region  where  the 
collision  experiments  were  performed  through  a three-fourths 
millimeter  hole  In  the  cylindrical  can,  0,  which  separated 
the  scattering  region  from  the  post  ohamber. 

Since  It  was  necessary  to  Introduce  gas  Into  both  the 
source  and  the  scattering  region  when  scattering  measure- 
ments were  being  made,  quite  rapid  pumping  speeds  were  re- 
quired to  maintain  sufficiently  low  pressures  In  the  fore 
and  post  chambers.  This  was  accomplished  by  using  two  high- 
speed mercury  diffusion  pumps  attaohed  to  these  ohambers 
through  large  llquld-alr  traps.  These  traps  were  baoked 
by  a two-stage  meroury  diffusion  pump  of  standard  design 
and  a mechanical  pump. 

The  vaouum  chamber  consisted  of  a brass  tube  ten 
Inches  long  and  four  Inches  In  diameter 
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with  all  joints 
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silver  soldered.  The  ends  of  the  vacuum  chamber  Here 
attached  with  bolted  flanges.  The  seal  at  B (Fig.  3)  >•> 
accomplished  by  squeezing  an  annealed  gold  Hire  betHeen 
the  plates  and  that  at  B'  with  a sllloone-rubber  "0"  ring. 

Excitation  of  the  helium  Has  accomplished  by  electron 
bombardment.  Plate  I Is  a view  of  the  souroe  lnoludlng 
both  beam  defining  holes  and  the  eleotron  gun.  Fig.  4 
shows  the  plate,  P,  of  Fig.  3 with  all  of  the  elements  of 
the  eleotron  gun  attached. 

Electrons  were  produced  by  thermionic  emission  from 
a directly-heated  filament  F.  The  filament  Has  an  Iridium 
ribbon  thorlated  by  oataphoretlo  deposition  as  desorlbed  by 
Husohlltz. (31)  it  was  mounted  between  nickel  jaws,  0,  and 
damped  In  position  with  screws,  H.  The  jaws  were  Insulated 
by  spaoers  constructed  of  lava. (32)  Electrons  were  acceler- 
ated by  the  anode,  S-l,  passed  through  S-2  Into  the  equl- 
potentlal  region,  H,  and  were  collected  by  the  oatoher,  C. 
S-l  was  Insulated  from  the  mounting  plate,  P,  by  a sheet 
of  mica  and  lava  spacers  similar  to  those  Insulating  the 
filament  jaws.  The  holes,  L,  were  used  to  mount  this  plate 
on  the  one-fourth  Inch  thick  dlso  which  supported  the  first 
beam  defining  hole  and  separated  the  souroe  and  fore  ohamber. 
This  was  done  with  bolts  passing  through  both  plates.  Brass 
spacers  held  the  plates  In  the  required  position.  Holes,  M, 
allowed  the  passage  of  gas  Into  the 


region  surrounding  the 


gun.  The  temperature 


source  mas  measured 


by  plaoing  a oopper-constantan  thermocouple  dlreotly  behind 
the  electron  oatcher.  The  temperature  determined  In  this 
may  mbs  Iom  because  of  thermal  conduction  of  the  couple  leadsi 
however,  this  position  of  the  couple  was  chosen  beoause  It 
waa  shielded  from  direct  radiation  from  the  filament  which 
would  give  values  much  larger  than  the  correct  value. 

The  electron  beam  was  confined  by  a magnetic  field  of 
approximately  200  gauss,  whloh  was  produced  by  two  Alnloo 
magnets,  D (Pig.  3).  The  magnets  were  completely  enclosed 
In  brass  boxes  to  eliminate  degassing  of  the  Alnloo.  Elec- 
trical connections  to  the  source  region  were  made  through  a 
Kovar-glass  multiple  header,  A.  A potential  was  applied 
aoroas  the  plates,  E,  In  the  fore  chamber  to  deflect  from 
the  beam  any  positive  or  negative  partloles  that  were  pro- 
duced In  the  souroe. 

The  entire  souroe  and  the  plates  supporting  the  beam 
defining  holes,  as  shown  In  Plate  I,  oould  be  removed  from 
the  vacuum  ohamber  If  necessary  without  disturbing  the 
alignment  of  the  beam  defining  holes.  Quite  good  pressure 
differentials  were  obtainable  between  different  chambers 
by  machining  the  one-fourth  lnoh  dlsos  to  extremely  dose 
tolerances  with  respeot  to  the  vacuum  ohamber  wall. 

A shutter,  S,  was  plaoed  dlreotly  behind  the  second 
defining  hole  so  that  the  beam  could  be  Interrupted  to 
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obtain  a zero  reading.  The  shutter  was  operated  Kith  a 
permanent  magnet  Instead  of  with  a solenoid  to  avoid  pro- 
ducing transient  eleotrlo  fields  whloh  would  affeot  the 
eleotrometer. 

Plate  II  la  a view  of  the  scattering  elements.  All  of 
these  were  mounted  on  four  rods  at  90° • They  were  Insulated 
from  the  rods  by  Pyrex  sleeves  and  from  each  other  by  Pyrex 
spacers.  Cylindrical  symmetry  was  used  throughout  the 
scattering  region.  Dimensions  of  the  scattering  elements 
are  given  In  Table  1.  To  Insure  that  the  efficiency  of 
electron  ejection  was  the  same  on  all  of  the  scattering 
elements  they  were  plated  with  gold.  This  surface  was  also 
readily  kept  free  of  contamination.  No  variation  was  found 
In  the  efficiency  of  eleotron  ejection  with  time. 

TABLE  1 

. OF  ■•iCATTautiQ  aagms  ■ 

Length  of  Scattering  Beglon.  . . 2.1?om 
Diameter  of  Scattering  Cylinder.  1.91om 
Diameter  of  Hole  In  Scattering 
Cylinder  Lid  .........  O.lOom 

Diameter  of  Hole  In  Scattering 
Cylinder  Bottom O.bBom 

The  beam  entered  the  scattering  region  through  a hole 
In  can  o and  passed  through  a larger  hole  In  the  scattering 
cylinder  lldt  SL.  The  metastable  atoms  were  then  deteoted 
at  the  scattering  cylinder,  SC,  the  scattering  cylinder 
bottom,  SB,  or  the  target,  T,  depending  on  whether  the 
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scattered  or  unsoattered  fraction  of  the  bean  was  to  be 
measured.  The  potential  on  the  target  cylinder,  TC,  could 
be  varied  as  was  necessary  to  draw  out  the  ejected  electrons. 

Eleotrloal  connections  to  the  scattering  elements  were 
made  through  Kovar-glass  headers  except  for  the  target  which 
was  enclosed  In  a Pyrex  sleeve  and  sealed  with  Aplezon  W 
sealing  wax.  Current  measurements  were  made  with  a Cary 
Instruments  vlbratlng-reed  electrometer.  Maximum  sensitivity 
wae  1 x 10"1*  ampere  for  full  scale  deflection  of  the  output 
meter  using  an  Input  resistance  of  1011  ohms.  A Weston 
Model  931,  0-0.1  mllllampere  full  soale,  ammeter  was  used 
to  measure  the  output  of  the  eleotrometer.  Pig.  5 shows 
a schematic  diagram  of  the  apparatus  Including  the  electric 
circuit.  The  150-volt  DC  supply  was  used  to  furnish  the 
neoessary  potentials  for  the  source.  Batteries  were  used  to 
supply  potentials  to  200  K Hellpots  from  which  either  positive 
or  negative  potentials,  with  respect  to  ground,  could  be 
applied  to  the  scattering  elements. 

Complete  shielding  of  the  leads  from  the  scattering 
region  was  neoessary.  All  of  the  leads  were  enclosed  la  a 
oopper  envelope  that  connected  dlreotly  to  the  eleotrometer 
head.  A specially  constructed  switch  was  used  In  order  to 
make  possible  the  measurement  of  currents  to  each  of  the 
scattering  elements  with  one  electrometer.  The  swltoh,  which 
was  enclosed  In  the  shielding,  ooaBlsted  of  a block  of  Luolte 


2? 


In  which  two  rows  of  three  holes  had  been  drilled  part  way 
through  so  as  to  form  reservoirs  In  whloh  mercury  could  be 
placed.  The  blade  of  the  switch  was  out  from  a copper  sheet 
with  three  contaots  and  mounted  on  a pivot  so  that  eaoh  of 
the  rows  of  three  holes  served  as  a single  pole  double-throw 
swltoh.  The  low  oontaot  potential  of  the  oeroury-oopper 
amalgam  oontaot  provided  a satisfactory  swltoh.  The  leads 
to  the  elements  to  whloh  potentials  were  applied  were 
brought  out  through  the  shield  beyond  the  oonneotlon  to  the 
electrometer  head. 

The  main  vacuum  pumps  were  of  the  mercury  diffusion 
type  and  were  oonstruoted  similar  to  the  design  of  Copley. ^ 33) 
The  annular  width  at  the  throat  was  approximately  7 mm  and 
the  pumping  speed  at  the  gas  Inlet  was  50  llter/see.  The 
pumps  were  oonneoted  to  the  apparatus  through  Dewar-type 
traps  oonstruoted  of  Fyrex  glass.  The  outer  tube  was  100  mm 
in  diameter  and  the  Inner  tube,  which  holds  the  refrigerant, 

60  am  In  diameter.  The  traps  were  350  mm  long  and  bad  a 
calculated  conductance  of  40  liter/seoond  at  90°K. 

An  auxiliary  vaouum  system  used  for  gas  manipulation 
and  pressure  measurements  Is  shown  In  Pig.  6.  The  upper 
manifold  was  used  for  pressure  measurements  either  with  Ion 
gauge,  Ij,  or  the  MoLeod  gauge.  When  the  Stopoook,  Sj , was 
dosed,  the  pressure  oould  be  measured  In  any  of  the  vaouum 
chambers  through  Sz-Sg.  The  two  lower  manifolds  were  used 
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to  introduce  gases  into  the  source  and  the  scattering 
region.  The  capillary  leak,  Llf  was  adjusted  so  as  to 
deorease  the  pressure  fron  atmospheric  down  to  approxi- 
mately 0.1  mm.  L2  was  a specially  oonstruoted  bellows- 
type  needle  valve.  This  valve  had  a tapered  needle  whioh 
fit  in  a seat  approximately  one  inoh  long.  This  long  oontaot 
surface  made  it  possible  to  reduce  the  pressure  from  atmos- 
pheric down  to  about  5 a 10”3  mm.  The  pressure  oould  then 
be  further  reduced  by  reducing  the  backing  pressure  in 
storage  bulb,  Bg.  The  pressure  in  Bj  and  Bg  was  measured 
with  manometer,  M.  Sn  and  Si 7 were  used  to  bypass  the  leaks 
when  evaouatlng  the  system. 

Helium  from  a cylinder  was  introduced  into  the  system 
through  trap,  Tj,  whioh  contained  degassed  oharooal  at  liquid 
air  temperature.  It  was  estimated  that  impurities  in  this 
gas  amounted  to  less  than  one  part  in  10*.  Furthermore,  this 
gas  was  used  only  in  the  souroe  where  impurities  were  likely 
to  be  ionized  and  defleoted  from  the  beam.  The  gas  samples 
UBed  in  the  scattering  region  were  taken  from  flasks  of 
reagent  grade  gas  from  Air  Beduotlon  Sales  Company.  Impurities 
amounted  to  approximately  one  part  in  io5.  Tt  - T4  were  main- 
tained at  liquid  air  temperature  to  prevent  the  diffusion  of 
meroury  into  the  system. 

Il  and  I2  were  BCA  type  1949  ionization  gauges.  A 
standard  control  olroult  was  used  with  a 


seleotor  switch 
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the  filament  voltage.  Scattering  pressures  were  measured 
with  a McLeod  gauge.  Calibration  and  method  of  operation 
of  this  gauge  are  given  In  Appendix  X. 

Typical  operating  pressures  are  shown  In  Table  2. 
Approximately  three  hours  after  the  pumps  were  started,  the 
pressure  was  about  10*5  mm  In  the  apparatus.  On  prolonged 
pumping  a pressure  of  5 x 10"6  mm  could  be  obtained. 


The  source  was  evaouated  through  the  first  beam  defining 
hole  which  was  0.05  om  In  diameter.  Degassing  of  the  souroe 
components  when  the  filament  was  on  caused  the  pressure  In 
this  chamber  to  be  high.  When  the  filament  was  off  the 
souroe  pressure  dropped  to  less  than  10‘5  mm.  However,  the 
souroe  pressure  under  operating  conditions  was  much  greater 
than  the  residual  pressure  so  the  contaminating  gas  amounted 
to  less  than  one  percent.  Furthermore,  when  the  apparatus 
*®a  8hut  down  after  eaoh  period  of  operation,  It  was  filled 
with  helium  to  one  atmosphere.  This  prevented  the  adsorption 


TABLE  2 


OPEHATIMO  PRESSURES 


He  In  Souroe 


Souroe  (Filament  on) 
Fore  Chamber 
Post  Chamber 
Scattering  Region 
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of  foreign  gases  on  the  walls  of  the  apparatus. 


EXPERIMENTAL  RESULTS 


In  the  preliminary  determinations  of  the  beam  behavior 
all  measurements  of  the  eleotron  ourrent  ejeoted  from  metal 
surfaces  by  metaetable  atoms  (hereafter  referred  to  as  the 
metastable  ourrent)  were  made  to  the  target  with  a potential 
of  +19-2  volts  on  the  remaining  scattering  elements.  Pig.  7 
la  a plot  of  the  netastable  ourrent  versus  the  eleotron  beam 
ourrent  to  the  oatoher,  C In  Pig.  4.  This  oatoher  ourrent 
Is  directly  proportional  to  the  number  of  electrons  In  the 
source.  It  Is  evident  that  the  number  of  helium  atoms 
ezolted  to  netastable  states  varies  linearly  with  the  eleo- 
tron beam  ourrent. 

Pig.  8 Is  a plot  of  the  metastable  ourrent  measured  at 
the  target  versus  the  potential  on  the  rest  of  the  scatter- 
ing elements.  The  metastable  ourrent  reaches  a saturation 
value  at  a draw-out  potential  of  about  +5  volts.  However, 
with  a negative  draw-out  potential  whloh  would  retard  the 
ejection  prooess,  It  Is  seen  that  a considerable  number  of 
eleotrons  are  ejeoted  with  energies  up  to  about  15  e. t. 

Some  eleotrons  would  be  ezpeoted  with  energies  as  high  as 
the  difference  between  the  exoltatlon  energy  of  the  meta- 
stable atoms  and  the  work  function  of  the  target  surfaoe. 
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Since  the  work  function  of  a gold  surface  Is  4.8  e.v.  this 
difference  amounts  to  15-0  e.v.  for  23s  helium  and  15-8  e.v. 
for  2lS  helium.  This  Is  In  agreement  with  the  distribution 
of  ejeoted  electrons  found  by  Ollphant^12*  and  Oreen. (J3) 
However,  the  fraction  of  metastable  atoms  refleoted  from  the 
surface  elastically  was  only  about  0.02  In  contrast  with 
the  muoh  larger  values  they  reported  for  refleotlon  coeffi- 
cients. This  discrepancy  Is  undoubtedly  due  partially  to 
to  the  rather  poor  beam  oolllmatlon  used  In  their  experiments. 
The  gold  surfaoes  used  In  these  experiments  ore  covered  with 
adsorbed  gases  while  Ollphant  and  Oreen  used  a molybdenum 
target  which  could  be  heated  to  degas  the  surface.  This  too 
would  oause  differences  In  the  reflection  coefficient. 

A plot  of  the  metastable  current  versus  the  pressure 
In  the  souroe  Is  shown  In  Pig.  9.  As  Is  expected,  the 
metastable  ourrent  Increases  linearly  with  pressure  at  low 
pressures  and  falls  off  at  high  pressures.  This  deviation 
from  linearity  Is  caused  by  an  Increase  In  pressure  In  the 
fore  ohamber  and  subsequent  scattering  of  the  beam  In  that 
region.  Also  there  would  be  an  approaoh  to  hydrodynamic  flow 
out  of  the  first  defining  hole  Instead  of  the  effusion 
necessary  for  the  formation  of  a molecular  beam. 

Pig.  10  Is  the  experimental  appearance  potential  curve 
observed  for  metastable  helium  atoms.  It  Is  the  sum  of  the 
appearanoe  potential  ourves  for  the  2*S  and  23s  states.  The 
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voltages  are  uooorreoted.  This  curve  compares  favorably 
with  the  total  metastable  appearance  potential  ourve  ob- 
tained by  Prost  end  Phelps  If  allowance  Is  made  for  the 
energy  distribution  In  the  electron  beam.  A retarding 
potential  curve  obtained  by  applying  a negative  potential 
to  the  oatcher  while  maintaining  a constant  potential  on 
S— 2 (Pig.  4)  showed  this  energy  spread  to  be  *3  e.v. 

The  scattering  experiments  were  performed  by  Intro- 
ducing a gas  Into  the  scattering  region  at  a known  pressure 
and  measuring  the  beam  Intensity.  To  obtain  the  total  beam 
Intensity  entering  the  scattering  region  it  was  neoessary 
to  measure  three  currents . The  metastable  ourrent  to  the 
target,  1T,  was  measured  with  a positive  potential  of  13 
volts  on  SB  and  SC.  The  ourrent  to  SL,  1SL,  was  measured 
with  the  same  potential  on  SB  and  SC.  SB  and  SC  were  then 
made  13  volts  negative  with  respect  to  ground  and  the  sum 
of  the  currents  to  T and  SL,  lg,  measured.  lj  Is  a measure 
of  tho  unscattered  fraction  of  the  beam  and  the  sum  of  ls 
and  lg^  a measure  of  the  scattered  fraction  of  the  beam. 

The  elements  to  whloh  currents  were  measured  were  maintained 
at  ground  potential.  A negative  potential  of  13  volts  was 
applied  to  TC  throughout  the  experiments.  The  metastable 
ourrent  corresponding  to  the  total  beam  Intensity  entering 
the  scattering  region,  10,  was  taken  as  the  sum  of  the  three 
measured  currents. 
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The  average  angle  through  which  the  beam  particles 
were  oounted  as  scattered  oan  be  found  by  Integrating  aro 


« arc  otn  1/a  + a/21  [ln(l  + l2/a2)]  • 

The  path  length  was  taken  as  the  distance  from  the  left 
surfaoe  of  SL  to  the  left  surfaoe  of  SB.  With  1 - 2.17  om 
and  a - 0.24  om.  0 ayg  = 20°  10*.  This  Is  an  upper  limit 
on  the  angular  definition  of  the  apparatus  beoause  the  de- 
crease In  beam  Intensity  Is  largest  along  the  Initial  part 
of  the  beam  path  where  the  definition  Is  best,  me  lower 
limit  on  the  definition  Is  aro  otn  1/a  « 6°  18'. 

Pig.  11  Is  a plot  of  log  Iq/1  In  neon  versus  pressure 
for  five  eleotron  energies.  The  curves  are  displaced  along 
the  abscissa  for  olarlty.  The  best  straight  line  for  each 
sat  of  points  was  determined  by  the  method  of  least  squares. 
The  original  data  may  be  found  In  Appendix  II.  A decrease 
In  the  slope,  m,  was  found  with  Increasing  eleotron  energy 
Indicating  a difference  in  tha  erosq  sections  for  the  two 
metastable  species.  Also  the  decrease  In  slope  with  In- 
creasing fraction  of  2*S  helium  In  the  beam  would  mean  that 
the  cross  seotlon  for  the  23s  state  Is  larger  than  that  for 
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Pig.  12  is  a plot  of  (1  + B)  m/1  versus  B for  a range 
of  values  of  B whloh  Is  probable  at  the  electron  energy 
corresponding  to  eaoh  value  of  m.  A straight  line  was  drawn 
so  as  to  Intercept  eaoh  of  these  subsidiary  lines.  It  is 
seen  that  this  line  is  restricted  within  quite  narrow  limits 
(lnteroept  t 6 per  oent,  slope  ± 5 per  oent).  Table  3 shows 
the  values  of  B obtained  from  this  line.  Using  the  value  of 
0.3  for  X3/  Y\  obtained  by  Dorrestein,  corresponding  values 
of  I03/I01  were  calculated.  These  are  tabulated  in  Table  3 
and  are  compared  with  I03/I01  determined  from  the  excita- 
tion functions  of  Prost  and  Phelps  in  Pig.  2. 


TABLE  3 

VERIFICATION  OP  BEAM  COMPOSITION 


Electron 
Energy  (e.v.) 

23 

27 

29 

35  40 

B 

3.0 

2.1 

1.4 

0.9  0.6 

^j/EOl  (Exp. ) 

6.0 

4.2 

2.8 

1.8  1.2 

I„3/I01  (Pig.  2) 

4.8 

3.7 

1.8  1.1 

The  experimental  values  obtained  for  I03/I01  are  applicable 
to  the  composition  of  the  beam  at  the  entrance  to  the 
scattering  region  while  those  caloulated  apply  to  the 
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composition  of  the  beam  In  the  source.  Since  part  of  the 
beam  la  scattered  by  the  gas  effusing  from  the  scattering 
region,  the  composition  of  the  beam  Is  altered  If  the 
oolllslon  cross  section  for  the  two  metastable  speoles  Is 
different.  If  this  correction  were  made,  the  agreement 
between  the  calculated  and  experimental  values  of  IojAoi 
would  be  even  better. 

The  cross  seotlon  for  23s  helium  In  neon  obtained  from 
the  slope  of  the  line  In  Pig.  12  Is  a - 175  om"1  or 
cr  - 50  x 10"16  cm2.  The  total  oross  section  for  2lS  helium 
In  neon  obtained  from  the  Intercept  of  this  line  Is 
a - 103  cm"1  or  tr  - 29  * 10"1®  om2. 

A plot  of  the  log  lo/l  In  helium  versus  pressure  Is 
shown  In  Pig.  13  for  three  electron  energies.  These  data 
are  quite  similar  to  the  neon  data  and  are  treated  In  the 
same  manner.  The  cross  sections  for  the  two  me testable 
speoles  of  helium  In  helium  were  obtained  from  the  slope 
and  Intercept  of  a line  similar  In  every  respect  to  the  line 
In  Pig.  12.  The  total  cross  seotlon  for  23s  helium  In 
helium  Is  a » 17b  cm"1  or  <r-  k9  x 10-16  cm2  and  the  total 
oross  seotlon  for  2*8  helium  In  helium  Is  a • 130  om-1  or 
a - 37  * 10"1*  om2. 

The  Ionization  potential  of  argon  la  15.75  e.v.  and 
therefore  Ionization  of  argon  by  metastable  helium  Is 
possible,  since  the  sum  of  the  three  metastable  ourrents 
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was  taken  as  the  total  beam  Intensity  and  the  Iona  and 
eleotrons  resulting  from  Ionisation  were  oolleoted  with 
100  per  oent  efflolenoy  while  the  metastable  atoms  ejeot 
eleotrons  with  much  smaller  efficiencies,  it  was  necessary 
to  multiply  the  current  due  to  ionisation  by  a correction 
faotor  so  it  would  be  on  the  same  basis  as  the  metastable 
ourrents.  The  correction  faotor  was  calculated  from  the 
fraotlon  of  eaoh  metastable  speoies  in  the  beam  as  given  by 
Frost  and  Phelps  and  its  ejeotion  efflolenoy. 

It  was  assumed  that  a large  majority  of  the  ionising 
collisions  occurred  in  the  front  part  of  the  scattering 
region  so  that  if  the  current  to  SL,  In.,  were  measured  with 
SB  and  SC  positive,  all  of  the  positive  ions  would  be 
oolleoted  at  SL  and  included  in  this  current.  With  SB  and 
SC  negative,  i^  would  be  a negative  current  and  would  be 
the  sum  of  the  eleotrons  resulting  from  ionisation  and  the 
eleotrons  ejected  from  SB  and  SC  by  elastically  scattered 

In  the  cases  in  whloh  no  ionisation  ooourred  1SL  was 
small  compared  with  10  and  did  not  vary  within  experimental 
error  with  the  scattering  gas.  Pig.  lb  is  a plot  of  1SI/10 
versus  pressure  in  neon  and  argon  at  two  electron  energies. 
This  ourrent,  lags,  was  subtracted  from  1^  measured  with 
argon  in  the  scattering  region  to  obtain  the  positive  ion 
current  lj.  The  ourrent  lggg  was  caused  partially  by 
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metastable  atoms  that  were  scattered  at  the  entrance  to  the 
scattering  region  and  therefore  ejeoted  electrons  from  the 
front  side  of  SL.  The  remainder  of  1^^  was  oaused  by  meta- 
stable atoms  which  were  scattered  through  angles  larger  than 
90°  and  ejeoted  electrons  from  the  back  side  of  SL. 

Scattering  experiments  performed  In  helium  with  a beam  of 
metastable  argon  atoms  gave  smaller  values  of  1^.  This 
deorease  was  oaused  by  leas  back  scattering  and  was  expeoted 
with  heavier  beam  atoms.  The  total  bean  Intensity  was  taken 
as  the  sum  of  lj,  lags.  Is  “ li»  and  fly*  where  f la  the 
correction  faotor  necessary  because  of  the  different  collec- 
tion efficiencies. 

The  log  lo/l  In  argon  versus  pressure  is  plotted  In 
Fig.  1 5 for  three  electron  energies.  These  data  were  then 
treated  In  the  BBme  manner  as  the  neon  data.  The  total  cross 
seotlon  for  23s  helium  In  argon  la  a - 200  cm-1  or 
O’  " 57  a 10“^®  cm2  and  the  total  cross  Beotlon  for  2-'s 
helium  In  argon  Is  a = 178  cm-1  or  O’"  51  x 10"16  cm2. 

The  Ionisation  cross  section,  CtIt  was  evaluated  from 
the  relation 


where  Oj  Is  the  total  oross  seotlon  and  1TS  Is  the  total 
scattered  ourrent.  If  all  of  the  current  1^  were  oaused 
by  Ionization,  this  cross  seotlon  would  only  be  Increased 
by  30  per  cent.  The  Ionization  oross  seotlon  for  both 
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metastable  species  of  helium  in  argon  ie  dj  " 29  cm-1  or 
cr  j • 8 x 10*lfi  cm2.  No  significant  difference  could  be 
determined  in  the  oross  section  for  the  tuo  metastable 


CHAPTER  V 


DISCUSSION 

Since  the  excitation  energy  of  the  metastable  levels 
of  helium  Is  large,  various  lnelastlo  collisions  between 
a metastable  helium  atom  and  another  atom  are  possible,  e.g.i 


He*  ♦ X — He  + X*  (V.l) 
He*  + X — He  + X ♦ hV  (V.2) 
He*  ♦ X — He  + X+  + e-  (V.3) 
He*  + He*  — He  + He+  + e*  (V.*) 
He  (2ls)  ♦ X — He  (23s)  + X (V.5) 


The  first  of  these  Is  an  exchange  of  excitation  energy 
and  the  second  a oolllslon-lnduoed  radiative  transition 
where  hv  represents  a photon.  Equation  (V.3)  Is  a partic- 
ular case  of  (V.l)  In  whloh  the  excitation  energy  of  the 
metastable  atom  Is  large  enough  to  Ionise  the  struck  atom. 
Equation  (V.4)  Is  a collision  between  two  metastable  atoms 
In  whloh  one  of  the  atoms  1b  Ionized  and  the  other  Is  de- 
exolted  to  the  ground  state.  Equation  (V.5)  is  a collision 
In  whloh  a 21s  helium  atom  Is  converted  Into  a 23s  helium 
atom.  This  process  Is  possible  only  If  the  Initial  state 
Is  of  higher  energy  than  the  final  state.  At  the  low 
pressures  used  In  the  scattering  region  three-body  colli- 
sions need  not  be  considered. 
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In  the  experiments  with  helium  and  neon  reactions  (V.l) 
and  (T.2)  are  the  only  ones  that  are  significant.  Beaotlon 
(V.l)  would  be  expected  to  take  place  to  an  appreciable 
extent!  however!  In  helium  It  oannot  be  distinguished  from 
an  elastic  collision.  The  oross  seotlon  for  the  oolllslon- 
lnduoed  transition  In  reaction  (V.2)  Is,  In  general,  small, 
slnoe  the  perturbation  resulting  from  a collision  at  thermal 
energies  Is  not  likely  to  be  sufficient  to  lnduoe  radiation. 

Phelps  and  HolnarW)  and  Phelps,  *35)  using  an  optloal 
absorption  method  for  the  determination  of  metastable  atom 
concentrations  with  time.  In  a gaseous  discharge  found  the 
cross  seotlon  for  the  destruction  of  2*S  helium  in  a colli- 
sion with  a normal  helium  to  be  3 x 10-20  0m2  and  that  of 
23s  helium  to  be  less  than  1 x 10-22  cm2.  These  oross 
seotlons  Include  the  processes  In  reactions  (V.2)  and  (V.5) 
for  21S  helium  and  reaotlon  (V.2)  for  23s  helium  and  are 
therefore  negligible  oompared  to  the  total  oross  seotlon. 

Beaotlon  (V.h)  oould  occur  In  the  scattering  region  If 
the  pressure  were  high  enough  so  that  the  beam  particles 
suffered  more  than  one  collision.  Slnoe  the  pressures  used 
were  reduoed  to  eliminate  multiple  collisions,  this  prooess 
would  not  contribute  a significant  amount  to  the  total  oross 
section.  Beaotlon  (V.J)  can  ooour  only  In  the  experiments 
with  argon  and  a cross  section  for  this  process  has  been 
evaluated. 
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The  experimental  result*  and  their  estimated  preolslon, 
obtained  with  a source  temperature  of  66°C.  and  a scatter- 
ing gas  temperature  of  27°C.t  are  given  In  Table  4. 


TABLE  4 
CHOSS  SECTIONS 
<om2  x 1016) 


Beam 

Helium 

°T 

Neon 

£Tt 

Or T *r80D  «I 

23s 

49  i 5 

50  t 5 

58  i 9 8 1 3 

213 

37  * 4 

29  i 3 

51  i 7 8*3 

ttnetlo(3<) 

14.9 

17.8 

28.6 

The  values  obtained  for  the  total  oross  sections  are 
dependent  on  the  geometry  of  the  apparatus.  If  the  angular 
definition  Is  Increased  the  cross  seotlon  will  lnorease. 
Classically,  the  cross  seotlon  would  lnorease  without  limit 
but  It  has  been  shown  by  the  methods  of  quantum  mechanics 
that  there  Is  a limit  to  the  oross  seotlon  beyond  which  the 
deflection  of  the  beam  particles  would  be  less  than  the 
uncertainty  oaused  by  the  uncertainty  principle.  Massey  and 
Burhop<37)  have  calculated  the  angular  definition  necessary 
to  obtain  results  within  ten  per  cent  of  the  aotual  value 
and  find  this  to  be  3.6°  la  the  case  of  helium.  The  values 
reported  here  are  self-consistent,  however.  Also  If  the 
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cross  section  were  studied  as  a funotloo  of  the  energy  of 
the  beam  particles  to  obtain  Interaction  potentials.  It 
would  be  necessary  to  obtain  only  relative  and  not  absolute 
values  of  the  arose  sections.  The  Ionization  cross  section, 
on  the  other  hand,  does  not  depend  on  the  geometry  of  che 
apparatus ■ 

The  total  oross  sections  for  metastable  helium  are 
larger  In  each  case  than  the  same  oross  aeotlon  for  normal 
helium  as  given  by  the  kinetic  theory  value.  This  la 
ezpeoted  since  the  Interaction  energy  between  normal  and 
metastable  atoms  la  larger  than  that  between  normal  atoms. 

It  la  further  evident  that  the  oross  aeotlon  Is  larger  for 
23s  helium  than  for  2*S  helium  In  each  of  the  scattering 
gases.  This  can  only  be  caused  by  a difference  In  the 
Interaction  potentials  for  the  two  species.  The  only  oases 
for  which  any  oaloulatlons  of  these  potentials  are  avail- 
able are  those  of  21S  helium  and  23s  helium  In  helium. 
Buckingham  and  DalgamoO**)  have  calculated  these  potentials 
and  found  that  the  Interaction  Is  repulsive  at  large  dis- 
tances. As  the  Interaction  dlstanoe  decreases  this  repulsion 
passes  through  a maximum  at  28,  beoomes  attractive  and  passes 
through  a minimum  at  l8,  and  then  beoomes  Increasingly  re- 
pulsive. The  maximum  Is  caused  by  the  mutual  repulsion  of 
the  electrons  and  the  minimum  by  valenoe  foroes.  Metastable 
molecules  formed  between  a normal  helium  atom  and  a 
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metastable  helium  atom  have  been  observed.  The  large  re- 
pulsive potential  as  the  Interaction  dlstanoe  approaches 
zero  Is  caused  by  nuclear  repulsion.  At  distances  smaller 
than  2.5 £ they  found  the  Interaction  potential  for  the  23s 
state  mas  more  positive  than  that  for  the  2I3  state  while 
for  larger  distanoeB  they  were  essentially  the  same.  The 
different  cross  seotlons  found  for  the  two  metastable 
speoles  In  the  present  experiments  lndloate  that  there  Is 
a significant  difference  In  the  Interaction  potentials  at 
the  larger  dlBtanoes.  Buckingham  and  Dalgarno  also  oaloulated 
a cross  seotlon  as  a funotlon  of  temperature  whleh  they  say 
la  applicable  to  either  metastable  speoles  of  helium  In 
normal  helium  for  thermal  atoms . Their  calculated  value  Is 
<r  T - 160  x 10-16  cm2  at  27°  C.  and  158  x 10*16  cm2  at  66°  C. 
This  small  temperature  dependence  was  confirmed  In  experi- 
ments with  the  present  apparatus  In  which  the  source  temper- 
ature was  varied. 

Dorresteln  and  Smlt(39)  m 1938  measured  the  oolllslon 
cross  seotlon  of  metaatable  helium  atoms  In  normal  helium. 

A wide  beam  of  metastable  atoms  effusing  from  a oolllslon 
chamber.  In  Which  they  were  produced  by  eleotron  exoltatlon, 
was  allowed  to  pass  through  helium  gas  and  the  Intensity 
measured  by  the  eleotron  emission  produced  In  a platinum 
deteotor.  The  cross  section  was  obtained  from  the  variation 
In  the  emitted  current  as  a funotlon  of  the  gas  pressure. 
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A value  of  crT  - 20  X 10_1®  on2  was  found  and  beoause  of 
tbe  poor  reaolutlon  it  was  thought  that  this  was  effectively 
all  oauaed  by  transfer  of  axoltatlon  energy  between  the  meta- 
stable  atoms  and  the  normal  atoms.  No  attempt  was  made  to 
separate  the  two  metastable  states  of  helium. 

Stebbings^)  has  studied  the  collisions  of  25s  helium 
in  the  inert  gases  and  found  the  following  values  for  the 
total  oross  seetioni  helium,  <xT  - 149  x 10*lS  om2|  neon, 

- 118  x 10*1*  om2|  and  argon,  <rT  - 210  x 10-15  cm2. 

The  large  differences  between  these  values  and  the  ones 
found  in  this  work  are  oaused  by  the  difference  in  angular 
definition  of  the  two  apparatuses.  His  minimum  angular  de- 
finition was  one  degree.  Howeveri  if  the  angular  depend- 
ence of  the  oross  sections  for  the  different  gases  is  nearly 
the  same,  the  relative  values  obtained  should  be  meaningful. 

Stebblnga  used  an  aro  discharge  to  produce  the  meta- 
stable  atoms.  Both  25s  and  2lS  metastable  helium  atoms  are 
oertainly  produced  in  suoh  a souroe  yet  he  assumed  that  the 
beam  effusing  from  the  discharge  cavity  contained  25s  helium 
atoms  and  no  2*S  helium  atoms  because  of  the  destruction 
cross  seotlon  (lO-l**  om2)  found  by  Phelps (7)  for  collisions 
between  2*S  helium  atoms  and  thermal  electrons.  If  his 
beam  does  contain  both  metastable  species,  whloh  is  more 
likely,  the  oross  seotlon s he  obtained  would  be  an  average 
of  the  separate  cross  sections.  Furthermore,  if  one 


seotlons  obtained 


compares  the  average  value  of  oross 
eaoh  metastable  state  In  this  work  with  Stebblngs'  values, 

It  Is  seen  that  they  are  In  relative  agreement. 

The  total  oross  seotlons  determined  for  the  two  meta- 
stable  states  of  helium  In  neon  are  different  even  consider- 
ing the  extreme  limits  of  experimental  error.  These  oross 
seotlons  are  the  sum  of  the  elastlo  and  Inelastic  oross 
seotlons . The  only  Inelastic  process  that  oan  ooour  la 
the  exchange  of  exaltation  energy  depicted  In  reaction  (V.l). 
Phelps, (7)  In  his  survey  of  gaseous  discharge  studies,  reported 
a value  of  2 x 10-17  cm2  for  the  Inelastic  oross  section  of 
23s  helium  atoms  In  neon.  This  Is  small  compared  to  the  total 
oross  section  and  If  one  assumes  that  the  same  Is  true  for 
22S  helium  atoms  In  neon,  the  difference  In  the  total  cross 
seotlons  can  only  be  caused  by  a difference  in  the  elastlo 
orosB  seotlons.  This  must  be  due  to  a large  difference  in 
the  Interaction  potentials  at  thermal  energies  and  should 
encourage  further  calculations  such  as  those  of  Buckingham 
and  Dalgarno. 

A determination  of  the  Ionization  oross  seotlon  for 
metastable  helium  atoms  produeed  In  a pulsed  discharge  In 
a helium-argon  mixture,  using  miorowave  techniques  for  the 
determination  of  the  electron  density  after  the  discharge 
takes  plaee,  has  been  made  by  Blondl.  He  obtained  9-7  x 
10”1?  on2  for  the  Ionization  oross  section  for  metastable 


57 


helium  atom  collisions  with  argon.  Phelps^7'  reported 
values  of  3.5  x 10* 16  eme  for  the  Inelastic  cross  section 
for  2®S  helium  atoms  In  argon  and  11  x 10*1®  cm2  for  the 
Inelastic  cross  section  for  2^S  helium  atoms  In  argon.  The 
value  obtained  In  the  present  experiments  agrees  roughly 
with  the  average  value  of  Phelps  but  Is  an  order  of  magnitude 
larger  than  that  of  Blondl.  Assigned  uncertainties  In  the 
results  for  argon  are  larger  because  of  the  uncertainty  In 
calculating  1q. 

Several  possible  sources  of  error  In  these  experiments 
should  be  considered.  It  Is  possible  for  photons  originating 
In  the  source  to  pass  through  the  defining  holes  and  strike 
the  target.  All  of  the  photons  will  originate  In  the  source 
since  the  lifetime  of  an  excited  level  Is  of  the  order  of 
10*®  second  and  the  excited  atom  oan  move  only  about  10"3  cm 
In  this  time.  These  photons  are  emitted  Isotropically  and 
the  geometry  of  the  defining  system  la  such  that  only  0.001 
per  cent  of  these  will  reaoh  the  target.  Attempts  to  detect 
a current  caused  by  photons  were  made  by  Increasing  the 
pressure  In  the  scattering  region  so  that  all  of  the  metas- 
table atoms  would  be  scattered  and  only  the  photons  could 
reach  the  target.  These  experiments  showed  that  this 
ourrent  was  negligible. 

The  elastic  reflection  of  metastable  atoms  from  the 
metal  surfaces  caused  a small  degree  of  uncertainty  In  the 
cross  sections  obtained.  Also  photons  resulting  from 
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collisions  In  the  scattering  chamber  cause  snail  errors 
which  hare  been  shown  previously  to  be  unimportant. 

The  ejection  efficiency  of  metastable  atoms  on  metal 
surfaces  undoubtedly  varies  with  the  type  and  amount  of 
gas  adsorbed  on  the  surfaoe  and  certainly  with  the  nature 
of  the  surfaoe.  As  was  stated  earlier  no  variation  In  this 
ejection  efficiency  was  found  In  the  course  of  these 
experiments.  It  Is  also  possible  that  the  ejection  effi- 
ciency depends  on  the  angle  of  lnoldsnoe  and  this  should 
be  Investigated.  Host  of  the  scattered  beam,  however.  Is 
Incident  on  SB,  slnoe  small  angle  deflections  are  the  most 
probable  and  therefore  the  angle  of  lnoldenoe  for  most  of 
the  metastable  atoms  Is  nearly  the  same. 

Future  experiments  that  should  be  performed  with  this 
apparatus  are  numerous.  The  first  Improvement  that  Is 
obvious  Is  the  construction  of  an  eleotron  gun  that  will 
produoe  electrons  of  a narrow  enough  range  of  energies  to 
exolte  only  the  23s  state  of  helium.  One  could  thus  obtain 
an  exact  value  for  the  cross  section  of  the  23s  state  of 
helium  and  the  knowledge  of  this  would  allow  a more  aoourate 
Interpretation  of  the  results  obtained  with  both  metastable 
speoles  In  the  beam.  It  Is  also  possible,  with  a more 
elaborate  apparatus,  to  obtain  a beam  whloh  contains  only 
the  2*S  state  of  helium  by  passing  a beam  containing  both 
metastable  speoles  through  an  Inhomogeneous  magnetic  field 
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such  that  the  triplet  atone  are  defleoted  . 

It  should  be  possible  to  obtain  oross  seotlons  for 
oolllslon-lnduoed  radiation  prooesses  by  plaolng  a photo- 
sensitive detector  In  the  scattering  region.  If  a nethod 
of  aeasurlng  the  snail  light  Intensities  expeoted  could  be 
solved. 

A more  accurate  deternlnatlon  of  Ionisation  oross 
seotlons  Mould  be  possible  by  placing  a cylindrical  grid 
of  fine  wires  In  the  soatterlng  region.  The  current 
neasured  to  this  grid  with  the  other  elenents  positive  Mould 
be  a quantitative  neaaure  of  the  positive  Ion  current. 

It  Mould  be  quite  Interesting  to  study  these  orose 
seotlons  as  a funotlon  of  the  energy  of  the  bean  particles. 
This  oould  be  done  If  the  souroe  Mere  constructed  so  that 
the  temperature  of  It  oould  be  varied  over  a large  range. 

The  Interaction  potentials  oould  then  be  calculated  from 
these  data  by  a nethod  proposed  by  Mason.  1**°) 

The  apparatus  la  oonstruoted  In  suoh  a manner  so  as  to 
facilitate  the  measurements  of  free-spaoe  lifetimes  of 
netastable  atoms  and  molecules  In  the  manner  described  by 
Musohllts  and  Qoodman. (I*1'  The  llfetlnes  of  the  netastable 
states  of  helium  are  so  long  that  It  Mould  be  extremely 
difficult  to  neasure  then.  Other  atons  and  noleoules  have 
llfetlnes  suoh  that  they  oould  be  determined  experlnentally. 
If  the • Ilf etlnee  of  these  speoles  Mere  knoMn,  their  role  as 
energy  oarrlers  In  ohealoal  reactions  oould  be  ascertained. 


SUMMARY 


An  apparatus  has  been  designed  and  constructed  to 
perform  scattering  experiments  with  an  atomic  beam  of  meta- 
stable helium  atoms  In  various  gases.  The  atomic  beam 
originated  In  a thermal  souroe  of  helium  gas  In  whloh  some  of 
the  atoms  had  been  excited  to  metastable  levels  by  eleotron 
Impact.  The  metastable  atoms  were  deteoted  at  metal  surfaces 
by  observing  the  ejected  electrons. 

A total  oolllslon  cross  seotlon  which  Is  the  sum  of  the 
elastlo  and  Inelastic  oross  sections  has  been  measured  for 
each  of  the  metastable  states  of  helium  In  helium,  neon,  and 
argon.  In  eaoh  case  the  oross  seotlon  for  the  2^3  state  of 
helium  was  larger  than  that  for  the  213  state.  In  the  case 
of  neon,  this  dlfferenoe  was  well  above  the  estimated  experi- 
mental error.  Slnoe  the  Inelastic  collisions  whloh  can  ocour 
between  a metastable  helium  atom  and  a neon  atom  are  of  low 
probability,  this  difference  must  be  In  the  elastlo  part  of 
the  oross  seotlon  and  can  only  be  caused  by  large  differences 
In  the  lntezaotlon  forces  for  the  two  cases.  An  Ionisation 
oross  seotlon  has  been  measured  for  eaoh  of  the  metastable 
states  of  helium  In  argon.  HI thin  the  experimental  error  of 
the  measurements,  these  cross  sections  are  the  same. 
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APPENDIX  I 


CALIBRATION  OF  McLEOD  OADOE 

The  volume  of  the  dosed  capillary  mss  determined  as  a 
function  of  the  dlstanoe  from  the  dosed  end  by  Introducing 
carefully  weighed  amounts  of  meroury  and  measuring  the 
height  of  the  meroury  oolumn.  These  values  mere  fitted  to 
the  best  straight  line  by  the  method  of  least  squares  and 
the  reference  points  In  Table  5 mere  established  from  this 
line.  The  oaplllary  mas  then  attaohed  to  the  bulb  and  the 
total  volume,  1*82.75  ml,  determined  by  weighing  the  amount 
of  water  required  to  fill  the  bulb  to  the  cut-off  point. 

Since  the  oaplllary  was  calibrated  In  an  Inverted 
position  It  was  necessary  to  oorreot  for  the  volume  of  the 
meniscus  In  the  two  positions.  Corrections  were  also  made 
for  the  variation  of  density  with  temperature. 


TABLE  5 

REFERENCE  POINTS  FOR  McLEOD  OADOE 


Pressure 

Volume  of 
Oas  Trapped 

Dlstanoe  from 
End  of  Capillary 

10-3  mm 

0.1*82700  ml 

12.700  om 

10-**  mm 

0.01*8270  ml 

6.901  cm 

10-5  ma 

0.004827  ml 

1.190  om 
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Differences  in  meroury  levels  between  the  open  tube 
end  a reference  point  on  the  olosed  capillary  were  measured 
to  0.001  on  with  a Cenoo  oathetometer.  Let  this  value  be 
P0  with  the  gauge  evacuated  and  p*  with  the  gas  introduced 
at  the  desired  pressure,  po  is  equal  to  the  capillary 
depression  plus  the  residual  pressure  in  the  gauge  p', 
where  p*  la  determined  with  the  ion  gauge.  The  actual 
pressure  in  the  gauge,  p,  is  them 

P - P*  + P'  - P0» 

This  method  eliminates  fluctuations  caused  by  small  vari- 
ations in  the  oaplllary  walls.  Pressure  measurements  were 
estimated  to  be  aeourate  to  1 per  cent. 


ORIGINAL  DATA 


Ne testable  Helium  In  Neon,  23  Volt  Electrons 


P * 10*  1T  ls  lsx,  log  IqAt 


U:H 

24.18 


III 


0.0149 

0.069? 

0.0980 

0.l4?l 

0.1688 

0.2122 

0.2245 

0.3249 

0.3446 

0.3581 

0.4328 


Metastable  Helium  In  Neon,  2?  Volt  Electrons 


0.42 

6.76 

10.49 

13.97 


21.50 
23. 60 
25.97 
29.26 
33-69 


0128 

0770 

1179 

1605 

1821 

2232 

j§ 

3306 

as 


Intercept  ■ -0.01 
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Metastable  Helium  In  Neon,  29  Volt  Electrons 


P X 101*  lip  lg  lgi,  log  Iq/Ii 


tit 

11:8 

18.99 

24.18 

8:8 

31.45 

33.52 


032 

044 


0.0162 

0.0755 

0.0997 

0.1443 

0.1547 

0.1906 

0.2230 

0.3023 

0.2147 

0.3553 

S :2?S 


Metastable  Helium  In  Neon,  35  Volt  Electrons 


AS 

as 

18. 92 

g:£ 

25.97 

29.26 

33.69 


0.540 

0.502 

0.435 

0.412 

0.374 

0.345 


0145 

0770 

1163 

1563 

SB 

2406 

2728 

3066 

3475 

3999 
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detestable  Helium  In  Neon,  40  Volt  Eleotrona 


P x 10*  tT  ls  I3L  loS  lo/lT 


!i:S 

15-95 

as 

as 

31.45 

33-52 


0.892 

0.789 

O.65O 


O.516 

0.429 

1:18 


0.106 

0.123 

0.176 

0.168 

0.203 

0.208 


SS 


SB 

0913 

;g| 

1726 

2052 

2672 

2718 

3239 

3577 

3674 


Intercept  » -0.006 


Hetaetable  Helium  In  Helium,  23  Volt  Eleotrona 


19.43 
23.  i£ 


ss; 


°,n 


0.031 

0.043 

0.051 


0803 

1396 


37*8 

4219 


Slope  - 141.3 


Interoept  - -0.008 
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Hetastable  Helium  In  Helium,  29  Volt  Electrons 


p x 10*  lj  is  1st  l0S  lo/*T 


19.43 

23.14 

27.68 


Si 


sg 


% 


0.0116 

0.0846 

0.1294 

0.1767 

0.2266 

0.2509 

0-3177 

0.3720 

0.4161 

0.4180 

0.4552 


Hetastable  Helium  In  Helium,  40  Volt  Electrons 


0.17 

5.96 

10.12 

13.57 

17-12 

19.43 

23.14 

27.68 


0.0112 

0.0785 

0.1268 


0.074 

0.071 


0.2178 

0.2423 

0.3090 

0.3562 

0.3883 

0.4005 


Slope  - 127.3 


Intercept  - 0.0000 
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Metastable  Helium  in  Argon,  27  Volt  Electrons 


P * 10*  iT  is  Isl  i!  log  lo/it 


V-l? 


13.25 

13.51 

15.56 


0.489 

0.376 

0.328 

0.338 

0.310 


0.017 

0.116 

0.124 

0.130 

0.172 


a? 


0.0145 

0.1059 

0.1235 

0.1252 

0.1723 

0.1987 

0.1833 

0.2297 

O.236O 

0.2778 


Metastable  Helium  in  Argon,  29  Volt  Electrons 


!:S 

7.08 

7.85 

9.61 

11.35 

12.00 

13.25 

13.51 

15.56 


0.918 

0.700 

0.606 

0.646 

S:83 


0.062 

0.074 

0.094 


0.144 

0.158 

0.174 


0.0124 

0.1042 

0.1223 

0.1206 

0.1638 

0.1973 

0.1942 

0.2325 

O.233O 

0.2767 


Intercept  - 0.0 07 
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Metastable  Helium  la  Argon,  40  Tolt  Electrons 


p x io4  iT  is  la,  ij  log  Iq/Ij, 


0.32 

Kl 

7.85 
9.61 
1105 
12.00 
13-25 
13-51 
15 -56 


0.061 

0.075 

0.093 

0.110 

0.128 

0.151 

0-147 

0.162 

0.178 


0.0103 

0.1035 

0.1274 

0.1271 

0.1605 

0.1912 

0.1954 

0.2209 

0.2206 

0.2546 


Slope  - 159.1 


Interoept  - 0.008 
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